Many anthropogenic compounds, such as antibiotics, are found at trace levels (<µg•L −1 ) in aquatic and terrestrial systems. The effect of these compounds on the metabolism and function of microbes are difficult to assess because the assays used, such as the minimum inhibitory concentration (MIC) and the disk diffusion methods, lack the sensitivities to measure bacterial response to these very low levels of antibiotics on bacterial populations. Therefore, we theorized that the [ 3 H] thymidine incorporation into DNA method might be sensitive in determining the effect of DNA inhibiting antibiotics on DNA production in planktonic bacteria in aquatic systems. Utilizing the 3 H thymidine method, we measured the effects of ciprofloxacin on DNA production on planktonic bacteria in river and pond waters. Ciprofloxacin significantly (P < 0.02) inhibited river water bacteria at a concentration of 25 µg•L −1 but significant inhibition (P < 0.01) occurred at 1000 µg•L −1 in pond water. The very low concentration required to inhibit DNA production in river water bacteria indicates that bacteria are extremely sensitive to antibiotics at very low concentrations. A likely reason for the differences in inhibition between the two waters is due to ciprofloxacin becoming bound, and possibly becoming biologically inactive, in the pond water due to higher dissolved organic carbon content. This work demonstrates that bacteria in some aquatic systems can be significantly impacted by low concentrations of anthropogenic antibiotics finding their way into these systems and that our assumptions as to the concentrations at which antibiotics affect microbes are highly underestimated.
Introduction
Antibiotics are compounds that inhibit the growth of susceptible microbes. The vast majority of antibiotics in clinical use are derived from organisms ubiquitous in the natural environment [1] . Antibiotics are secondary metabolites, similar to phenolics in plants, produced when microbial growth slows and/or begins to enter stationary phase [2] and is often triggered by nutrient limitations. Antibiotic producing microbes can inhibit nearby microbes and thereby provide themselves time to establish a niche to grow and propagate. An antibiotic producing microbe can also gain valuable resources since susceptible microbes can die and release nutrients through decomposition which can then be utilized by the antibiotic producing microbe and its progeny. But what are the concentration levels of antibiotics at which microbes are affected? The answer to this question is largely unknown and is limited by the assay used to measure the effect of an antibiotic against a susceptible microbe.
Two very common methods used to measure inhibition or sensitivity to antibiotics by bacteria are the minimum inhibitory concentration (MIC) and the disk diffusion method [3] . The concentrations of antibiotics used in the above two methods are usually in the µg•mL −1 or mg•L −1 (ppm) range [4] . With antibiotics having been detected in wastewater effluents and aquatic systems in many countries around the world [5] [6] at concentrations of ηg to low µg•L −1 , the two methods above are inadequate at measuring the effects on microbial populations. We theorized that the [ 3 H] thymidine incorporation into DNA method may be relevant and sensitive in measuring the effects of DNA inhibiting antibiotics.
Here we report the effects of ciprofloxacin, one of the most prescribed of the quinolone antibiotics in the world [7] , an antibiotic that inhibits DNA production in susceptible microbes, on planktonic bacteria in river and wetland waters as measured by the incorporation of [ 3 H] thymidine into DNA. Ciprofloxacin has been detected in the environment and wastewater from ηg to low µg•L −1 [5] while concentration in hospital effluent has been measured at up to 124.5 µg•L −1 [8] and a total of eight quinolones, including ciprofloxacin, at 9 mg•kg −1 (dry weight) in sewage sludge [9] . Although the concentration of antibiotics in open waters is low, it should not be assumed that the effects on bacteria and selection pressure for resistant strains are negligible as it has been found that a constant applied dosage at a tenth of MIC has a strong influence on selecting for resistant microbes [10] . Moreover, WHO warns that the levels of bacterial resistance to antibiotics have reached to the levels where medicinal treatment for even common infections is becoming limited [11] .
Methods
Sample of river water was obtained from the South Saskatchewan River (SSK) at Saskatoon, Saskatchewan, Canada (106˚38 ' W, 52˚07 ' N) and water sample from Pond 1 (106˚06 ' W, 52˚02 ' N) was also taken. River as well as Pond 1 water samples were collected in 10 L plastic bottles and stored at 4˚C for 7 days before processing. Both water types were allowed to warm to room temperature before being used. Water chemistry was analyzed by suppressed conductivity ion-exchange chromatography on a Dionex 400 Ion Exchange chromatograph (Sunnyvale, California). Bacteria were enumerated by staining with 4',6'-diamidino-2-phenylindole hydrochloride (DAPI) and epifluorescent microscopy [12] .
We were unsure how sensitive or effective the 3 H thymidine incorporation into DNA method, in the presence of a DNA inhibiting antibiotic, would be since this method has not, to the best of our knowledge, previously been used in this way. However, using our previous work [13] as well as the water chemistry of the two waters as a guide, we used ciprofloxacin (ICN Biomedicals, Aurora, Ohio, USA) concentrations of 0, 2, 12.5, 25, 250 and 1000 µg•L −1 . Ciprofloxacin solution was sterilised by filtering through sterile 0.2 µm nylon syringe filters (Nalgene, Rochester, NY, USA) prior to being used. Bacterial production in the river and wetland waters was evaluated by measuring the relative incorporation of [methyl-3 H] thymidine (Perkin Elmer, Boston, MA, USA, specific activity 74.5 Ci mmol −1 ) incorporation into DNA [14] . All vials, pipettes and filters were sterilized by autoclaving. The [ 3 H] thymidine stock was diluted to 1 part in 10 with sterile distilled water and 50 µl was added to 20 ml scintillation vials that held 5 ml of river or pond water. The contents of the vials, all in triplicate, were gently swirled and incubated for 30 min at room temperature (21˚C ± 3˚C). Incubations were stopped by adding 500 µl of formalin, followed 5 min later by adding 500 µl of 5 M NaOH. The vials were put on ice and 0.9 ml of ice-cold trichloroacetic acid added, after which the vials were vortexed and allowed to further sit on ice for 15 min. The vial contents were then filtered through 25 mm diameter, 0.2 µm pore size Whatman (Brentford, UK) cellulose nitrate filters. The vials and the filters were rinsed with 1.25 ml of 50% phenol chloroform followed by 5 ml of 80% EtOH. The filters were removed and placed in fresh scintillation vials to which was then added 10 ml of Filter Count (Perkin Elmer, Boston, MA, USA), and the vials vortexed for 5 min so that the filters were completely dissolved. The number of disintegrations per minute (DPM) in each vial was determined with a Packard scintillation counter by using an external standard.
Sigma Stat 5.0 and t-tests were used for statistical analysis of the data.
Results
The concentration of nutrients, salinity and dissolved organic carbon (DOC) in the Pond 1 water was greater than the river water (Table 1) , while the planktonic bacterial population was similar in both systems.
In the experiment conducted in river water (Figure 1 ), significant (P < 0.05) inhibition in 3 H thymidine incorporation into bacterial DNA occurred at 25, 250 and 1000 µg•L −1 ciprofloxacin treatments but not between the control and 2 and 12.5 µg•L −1 treatments (P > 0.05). In the pond water experiment ( Figure 2 ) significant inhibition of DNA production, as compared to the control, occurred in the 1000 µg•L −1 treatment (P = 0.008) but not between the control and any other treatments (P > 0.05). Comparing the river water and pond water experiments to each other, significantly more 3 H thymidine (P < 0.05) was incorporated into the DNA of river water bacteria as compared to the bacteria in the pond water. 
Discussions
Since ciprofloxacin is known to inhibit the activities of the enzymes DNA gyrase and DNA topoisomerase IV in susceptible microbes [7] [15] , it was expected that there would be inhibition in bacterial DNA production in the two waters. However, it was not known at what concentration of antibiotic the inhibition would become significant.
The 3 H thymidine incorporation method was found to be highly sensitive and able to measure significant inhibition in DNA production in river water bacteria occurring at ciprofloxacin concentration of only 25 µg•L −1 . This is significant as it is 10 to 100 times lower than results shown using the MIC and disk diffusion methods. Our results showed that bacteria can be extremely sensitive to antibiotics at concentrations magnitudes below presently deemed and that the general assumption of low µg•L −1 concentrations of antibiotics having little or no impact on bacteria in aquatic environments is not merited and should be further studied.
While we do not have data as to the amount of ciprofloxacin that is free and the portion that is bound in the river and pond waters used in the experiments, it is known that ciprofloxacin binds strongly to particulate matter and DOC [16] [17] . This binding to organic matter, including chelation, can often make antibiotics biologically inactive [13] [18] . Considering the levels of DOC present in the river and pond water, it is apparent that the amount of ciprofloxacin biologically active against bacteria in the river water was <25 µg•L −1 . Similarly, the portion of ciprofloxacin that was active against bacteria in the pond water, with a DOC concentration approximately 15 times that of the river water, was likely significantly <1000 µg•L −1 . It should also be noted that when antibiotics are used in broth solutions or agar plates within the lab, there may be binding of the antibiotic to constituents of the media thereby causing a portion of it to become inactive and therefore the active antibiotic concentration may be overestimated.
The binding of ciprofloxacin to DOC and other ions and metals in the pond water is the likely reason for the higher concentration of ciprofloxacin required to inhibit DNA production in pond water bacteria. While the exact reason for the differences between the inhibition in DNA production is unknown, some reasons for the differences can include: the phase of bacterial growth in the two water systems with bacteria in log phase being more susceptible to antibiotics; higher sensitivity to ciprofloxacin by the bacteria in the river water compared to pond water; and higher resistance to antibiotics by microbes in the pond water since they may be exposed to fluxes of natural antibiotics from the surrounding farm fields as well as from within the pond. However, the differences in DNA inhibition between the two waters are unclear and further study is required.
Furthermore, the higher incorporation of 3 H thymidine in the river water microbes compared to the microbes in the pond water is also unknown and requires further investigations.
Although we are not aware of any other work that has utilized the 3 H thymidine incorporation method to measure the impacts of antibiotics on microbes in environmental waters, the present work has shown that the 3 H thymidine incorporation method, in the presence of a DNA inhibiting antibiotic, is extremely sensitive. We have also shown that even at parts per billion concentrations microbes are extremely sensitive to antibiotics and their metabolic activities are significantly affected. The implica-tion of our work is that: if the antibiotics used are so inhibitory at low concentrations, there may be many natural antibiotics, produced in trace amounts and which have thus far not been identified, isolated and may not even be extractable; and the concentrations at which susceptible microbes are affected by antibiotics are extremely low, as evidenced by our assay, and therefore, the significance of antibiotics on microbes and microbial ecology is underestimated.
